Introduction {#s1}
============

*Toxoplasma gondii* is one of the most widespread zoonotic pathogens in the world. The tachyzoite is a rapidly dividing haploid form of *T. gondii* that can infect a wide range of mammalian host cells, including immune and non-immune cells [@pone.0066306-Hill1], [@pone.0066306-Kim1]. Inside the host cell, parasites reside within a specialized parasitophorous vacuole (PV) that resists endosomal acidification and lysosomal fusion, and these parasites exhibit rapid intracellular replication, redistributes host intracellular organelles and cytoskeleton, and modulates host cell gene expression [@pone.0066306-Coppens1] in the PV. *T. gondii* is an obligate intracellular parasite that competes with host cells for metabolites, such as glucose, lipids, and amino acids, as well as nucleotides for its survival [@pone.0066306-Black1]. To win this fierce competition for survival, the parasite displays a highly sophisticated ability to distort host responses and their underlying signal transduction cascades. However, the cellular factors involved in its intracellular replication are not well defined.

Recently, several reports demonstrated that the host PI3K/Akt signaling pathway is stimulated by *T. gondii* infection [@pone.0066306-Manea1]. PI3K is a ubiquitously expressed enzyme that is responsible for the regulation of various intracellular processes, such as insulin-dependent cell growth, membrane trafficking, and endosome fusion [@pone.0066306-Lindmo1]. The serine/threonine protein kinase B (PKB)/Akt is one of the major downstream targets of PI3K and is a central player in growth regulation of cells [@pone.0066306-Franke1]. Phosphorylation at Ser473 and Thr308 activates the kinase activity of Akt, which regulates multiple cellular processes that increase metabolism, growth, and synthetic processes and suppress apoptosis [@pone.0066306-Ehrhardt1]. PI3K/Akt signaling plays an important role in *T. gondii* invasion of host cells because phosphatidylinositol (3, 4, 5)-trisphosphate (PIP3) rapidly accumulates in host cells in response to infective tachyzoites and more importantly, PI3K inhibitors partially reduce parasite entry [@pone.0066306-Wang1], [@pone.0066306-MacLaren1]. *Another study showed that* excretory/secretory proteins (ESP) from *T. gondii* play an important role in generating suitable conditions for parasite invasion into host cells [@pone.0066306-Son1].

Ocular toxoplasmosis is an inflammatory process that involves the interior of the eye and is caused by infection with *T. gondii*. This disease is the most common posterior uveitis in immunocompent individuals [@pone.0066306-Quan1]. Although ocular toxoplasmosis usually consists of a self-limited retinochoroiditis, sight-threatening complications occur, and this disease is the foremost cause of unilateral vision loss in patients with uveitis [@pone.0066306-Jabs1]. The intensity of damage to the retina and choroid depends on the severity of infection and associated inflammatory reaction. In the most severe form of *T. gondii*-induced uveitis, degeneration of large segments of the outer retina and pigment epithelium are often observed [@pone.0066306-McMenamin1].

The retinal pigment epithelium (RPE) forms a single-cell layer between the retinal photoreceptors and the vascular-rich choroids, thereby forming the blood-retinal barrier. RPE normally functions under relatively high oxygen tensions in postnatal life. Several animal models showed that *T. gondii* tachyzoites reach the retina via both choroidal and retinal circulation. Upon injection of tachyzoites into the suprachoroidal space in rabbits, outer retinal lesions and localized foci of retinal pigment epitheliosis were observed within 48 h [@pone.0066306-Tabbara1]. This result suggests that tachyzoites penetrate the RPE-Bruchs membrane barrier from the choroid to the retina. Histopathological examination of toxoplasma retinochoroiditis patients showed the presence of free tachyzoites and cysts in the RPE and the retina [@pone.0066306-Nicholson1]. These reports support the idea that RPE is one of the preferred infection sites for *T. gondii*, although whether the RPE is an ideal environment for *T. gondii* survival and proliferation is not known. Therefore, in the present study, we used a human RPE cell line (ARPE-19) as a model for ocular toxoplasmosis to study host defense in response to parasite invasion and intracellular replication.

Reactive oxygen species (ROS), which occurs as byproducts of metabolic reactions, normally participate in various cellular physiological events. ROS regulate certain essential signaling pathway, targeting Akt [@pone.0066306-Mochizuki1], NF-κB [@pone.0066306-Zhang1] and MAPK [@pone.0066306-Torres1], etc. However, ROS are chemically reactive and therefore, can easily damage DNA, lipids, and proteins when present at high concentrations. Therefore, high levels of ROS are a well-known cause of oxidative damage in eye disorders including age-related macular degeneration (AMD) and uveitis [@pone.0066306-Gritz1]. To the contrary, this hazardous effect of ROS is an important component of the innate immune defense response of immune cells and is utilized to cope with infectious pathogens from the outside environment. In phagocytes, the rapid ROS production, which is termed "oxidative burst", is one of the earliest cellular responses to infection. Apoplastic generation of superoxide (O~2~ ^−^) or its dismutation product hydrogen peroxide (H~2~O~2~) can kill invading *T. gondii in vitro* and *in vivo* [@pone.0066306-Aline1]. A variety of nonphagocytic cells also possess superoxide-producing enzymes, which generate low levels of ROS in response to various extracellular stimuli [@pone.0066306-Lambeth1], [@pone.0066306-Bedard1]. Notable, RPE itself and its neighboring photoreceptors produce considerable ROS, because of photochemical reactions that converts light energy to chemoelectrical signals [@pone.0066306-Kang1].

The sources of ROS include NADPH oxidases, the mitochondria electron transport chain, xanthine oxidase, and endothelial nitric oxide synthase [@pone.0066306-Bedard1], [@pone.0066306-Landmesser1]. Although these enzymes contribute to the oxidative burden, evidence suggests that NADPH oxidase is the main enzymatic source of ROS production in human RPE cell lines [@pone.0066306-Qian1]. Recent studies have demonstrated that NADPH-dependent oxidative stress induces apoptotic signaling pathways in RPE cells and that NADPH oxidase is mechanistically involved in the pathogenesis of some types of retinal degeneration *in vivo* [@pone.0066306-Chen1]. NADPH oxidase activity occurs in all cells of the vascular wall, but the distribution of the subunits of this enzyme is cell-specific. The family of NADPH oxidases (Nox/Duox) consists of Nox1, Nox2 (gp91phox), Nox3, Nox4, and Nox5 as well as Duox1 and Duox2 [@pone.0066306-Bedard1].

In the present study, we provide evidence that activation of the host cell PI3K/Akt pathway by *T. gondii* infection contributes to the replication of this parasite. Nox4 is the primary source of sustained ROS in RPE cells and thereby is the main target used by *T. gondii* to disarm the oxidative immune system of the host cell for its benefit.

Materials and Methods {#s2}
=====================

Reagents and Antibodies {#s2a}
-----------------------

Akt and Phosphospecific Akt (Ser473) antibodies were obtained from Cell Signaling Tech., Inc. (Beverly, MA, USA). Anti-Nox4 was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Monoclonal anti-actin, HRP-conjugated anti-rabbit and anti-mouse secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). PI3K inhibitors, LY294002 and wortmannin, were obtained from Sigma (St. Louis, MO, USA) and PI3K-specific inhibitors, GDC-0941 and ZSTK474, were purchased from Selleck Chemical. Co.

Cell Culture {#s2b}
------------

Human retinal pigment epithelial cells, ARPE-19 (ATCC, Manassas, VA, USA), were cultured in a 1∶1 mixture of DMEM and nutrient mixture F12 (DMEM/F12) supplemented with 10% heat-inactivated FBS and antibiotic--antimycotic reagents (all from Life Technologies Corporation, CA, USA). One day before treatment, the culture medium was changed to DMEM/F12 medium without FBS.

Parasites {#s2c}
---------

Tachyzoites of *T. gondii* RH strain that expresses transgenic green fluorescent protein (GFP-RH) were kindly provided by Dr. Yoshifumi Nishikawa (Obihiro University of Agriculture and Veterinary Medicine, Japan). ARPE-19 cells were infected with the GFP-RH strain of *T. gondii* (parasite:cell ratio = 5∶1) and incubated at 37°C and 5% CO~2~ for 2--3 days. Following spontaneous host cell rupture, parasites and host cellular debris were washed in cold PBS. After centrifugation, the final pellet was resuspended in cold DMEM/F12, and the resuspension was passed through a 26-gauge needle and a 5.0-µm pore filter (Millipore, Billerica, MA, USA).

Preparation of ESP {#s2d}
------------------

Purified tachyzoites (3 × 10^8^) were incubated at 37°C for 1 hr under mild agitation in 0.5 ml Hank's balanced salt solution (HBSS) (Gibco BRL, Rockville, MD, USA). After centrifugation for 5 min at 6,000 rpm, the supernatant containing ESP was saved. The protein concentration was determined with Bradford assay method using BSA as the standard, and samples were stored at −70°C until use.

Mycoplasma and Endotoxin Detection Assay {#s2e}
----------------------------------------

To assess mycoplasma and endotoxin levels in the different samples, commercial EZ-PCR Mycoplasma Test kit (Biological Industries, Beit Haemek, Israel) and quantitative chromogenic method (Pierce LAL (*Limulus* amebocyte lysate) Chromogenic Endotoxin Quantification Kit (Thermo Scientific Co, PO)) were used. The *Limulus* amebocyte lysate contains an enzymatic system that is activated in the presence of endotoxin. The lower limit of detection of this assay is 0.1 EU/ml. No contamination of mycoplasma or endotoxin was detected in cell or parasite culture systems ([Fig. S1](#pone.0066306.s001){ref-type="supplementary-material"}).

Immunoblot {#s2f}
----------

ARPE-19 cells were grown in 6-well plates and were serum starved overnight to remove any stimulation from serum factors. Cells were infected with tachyzoites or treated with ESP as indicated. After the cells were washed with ice cold PBS, proteins were extracted with PRO-PREP Protein Extraction Solution (iNtRON Biotechnology, Korea) and then incubated on ice for 20 min followed by centrifugation for 5 min at 13,000 rpm at 4°C. Equal amount of protein from each sample were loaded onto a 12% SDS-PAGE gel and separated by electrophoresis. Proteins were then transferred to a polyvinylidene fluoride (PVDF) membrane. Membranes were blocked with 5% nonfat skim milk in TBS containing 0.1% Tween 20 (TBST) for 1 h at room temperature. After being washed once in TBST, membranes were incubated with primary antibody diluted in TBST supplemented with 5% BSA for 2 h at room temperature or overnight at 4°C. After three washes with TBST, membranes were incubated with HRP-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, Inc., USA) for 2 h at room temperature. After three washes with TBST, protein bands were visualized by an ECL chemiluminescence kit (Amersham Biosciences, Freiburg, Germany) according to the manufacturer's instructions. The bands were scanned and quantified using an imaging densitometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Proliferation of *T. gondii* {#s2g}
----------------------------

ARPE-19 cells were cultured in 24-well plates containing glass coverslips and serum-starved overnight prior to infection with *T. gondii* at a multiplicity of infection (moi) of 5. Some sets of cells were pretreated with PI3Kinase inhibitors for 1 h and then rinsed 3 times with PBS before infection with *T. gondii*. In order to "**synchronize**" the *T. gondii* replication starting point, we have designed very narrow window for *T. gondii* infection (2 h infection then wash off free-, uninfected-*T. gondii*). By this process, we were also able to eliminate the side effect from secreted ESP of free-, uninfected *T. gondii* and possible invasion rate difference can be ignored, because the proliferation rate of only "infected" *T. gondii* was measured.

After 24 h of incubation, the coverslips were washed with PBS and then fixed with 4% formaldehyde. Cells were stained with Texas Red®-X phalloidin (Life Technologies Corporation, CA, USA) to label F-actin and mounted on slides using mounting medium with DAPI (Vector Laboratories, USA). Cells were then imaged using fluorescence microscopy or confocal microscopy. One to two hundred PVs were randomly selected in each preparation, and parasite replication was monitored by counting the number of tachyzoites per PV. Three separate experiments were performed for statistical analysis of the results.

Fluorescence Microscopy {#s2h}
-----------------------

ARPE-19 cells were cultured in 24-well plates containing glass coverslips overnight and then infected with GFP-RH tachyzoites for 23 h or with ESP for 1 h. Cells were then exposed to 100 µM H~2~O~2~ (Sigma Chemical Co) for 1 h. Following washing with HBSS, cells were incubated with 10 µM ROS-sensitive dye dihydroethidium (DHE; Life Technologies Corporation) for 30 min at 37°C in the dark. The stained cells were imaged using an Olympus BX-51 fluorescence microscope. All images of the DHE staining were taken using the same exposure time.

Flow Cytometry {#s2i}
--------------

Cell were cultured in 6-well dishes and treated with ESP according to the experimental design. The cultured cells were stained with 10 µM DHE and washed with HBSS. Cells were trypsinized and centrifuged. Then cells were resuspended in HBSS and analyzed on a FACS (BD Biosciences, San Diego, CA).

NADPH Oxidase Expression Analysis by RT-PCR {#s2j}
-------------------------------------------

Total RNA from stimulated cells was prepared using the Trizol reagent (Invitrogen, Carlsbad, CA, USA), and RNA was reverse transcribed using ReverTra Ace RT kit (Toyobo, Osaka, Japan). All PCR reactions were performed with a MyCycler (Bio-Rad) for 25 cycles. The Nox1-4 and p22phox primer sequences for RT-PCR were described by Claudia Piccoli et al. [@pone.0066306-Piccoli1]. Nox5 RT-PCR primer sequences were described by Chou et al. [@pone.0066306-Chou1]. The other primer sequences (5′-3′) are as follows: Duox1 forward, ATCAATCGGAACTCAAGTGTCTC; Duox1 reverse, AACCAACACATGGTCCTCTCG; Duox2 forward, GCTACCATGTTCTTTCCGACG; and Duox2 reverse, GAGTGCGAGGAGCCATAGAT. Amplified products were electrophoresed in a 2% agarose gel and visualized with ethidium bromide. The relative intensity of bands for each mRNA was related to the intensity of the autoradiogram band of the internal control, GAPDH. Quantification of mRNA was performed using an imaging densitometer (Bio-Rad Laboratories, Inc.).

siRNA Transfection {#s2k}
------------------

Two different duplex sequences against human Nox4 were used as Weyemi et al. reported [@pone.0066306-Weyemi1]. Cells were transfected with siRNA duplexes specific for human Nox4, using LipofectamineTM RNAiMAX (Life Technologies Corporation) according to the manufacturer's protocol. Briefly, cells were seeded in 6-well plates, grown for 24 h (70% confluence), and then transfected with 6--24 nM Nox4-specific siRNA or negative control siRNA (Santa Cruz, CA) for 48 h. Then, cells were infected with *T. gondii* for 24 hours, and then *T. gondii* proliferation was evaluated. The knockdown efficiency was determined by RT-PCR and western blot.

Statistical Analysis {#s2l}
--------------------

The data were analyzed using GraphPad Prism data analysis program. For the comparison of statistical significance between two groups, independent sample Student's *t*-test was used. For multiple comparison, one-way ANOVA followed by *post hoc* comparisons of the group means according to the method of Tukey was used. *P*-values \<0.05 were considered significant.

Results {#s3}
=======

Activation of Host PI3/Akt by *T. gondii* Infection and ESP Treatment {#s3a}
---------------------------------------------------------------------

As an intracellular parasite, *T. gondii* relies on the growth environment provided by the host cell. The serine/threonine kinase Akt plays a central role in growth regulation of cells, and its activity is regulated by phospholipid binding and activation phosphorylation at Thr308 by PDK1 and by phosphorylation within the carboxy terminus at Ser473 [@pone.0066306-James1]. To identify intracellular signaling mechanisms of the host cell that are responsible for the proliferation of *T. gondii*, we determined whether *T. gondii* infection induces Akt phosphorylation in ARPE-19 cells using immunoblot analysis with phosphospecific Ser473 Akt antibody. In addition, the effects of *T. gondii* ESP on Akt signaling were examined as well. ESP plays an essential function to provide appropriate environment for the entry of the parasite into host cell [@pone.0066306-Son1].

To minimize basal Akt activity, these experiments were performed in serum-starved cells. After *T. gondii* infection for 24 h or ESP stimulation for 1 h, cells were collected for immunoblot analysis to measure host Akt activation. The ratios between the intensities of phosphorylated Akt and total Akt in the infected and stimulated samples compared with those in the uninfected or unstimulated samples as determined by densitometric analysis are shown in [Fig. 1A](#pone-0066306-g001){ref-type="fig"} and, B. Phosphorylation of Akt occurred in cells infected with *T. gondii* for 24 h, and host Akt activity was significantly increased according to the number of *T. gondii* per infected cell. ESP also increased Akt phosphorylation in a dose-dependent manner, and this finding is consistent with the *T. gondii* infection experiment. Host cell ciability was tested with MTT assay and proved that viability of ARPE-19 was not significantly reduced by *T. gondii* infection (moi 15) after 24 h ([Fig. S2A](#pone.0066306.s002){ref-type="supplementary-material"}).

![*T. gondii* and ESP activate the PI3K/Akt pathway in ARPE-19 cells.\
ARPE-19 cells were deprived of serum for 1 day before use in subsequent experiments. (A) Cells were infected with GFP-RH tachyzoites at the indicated moi for 24 h. Two hours after infection, the extracellular tachyzoites were immediately removed by washing with PBS and then incubated in the absence of serum media for 22 h. (B) Cells were stimulated for 1 h with various concentrations of GFP-RH tachyzoites ESP ranging from 0.1 to 10 µg/ml. (C) ARPE-19 cells were infected with *T. gondii* (moi 15) for 24 h and treated with increasing concentrations of LY294002 for the final 1 h. (D) Cells were pretreated with wortmannin for 1 h, and then after washing, cells were stimulated with 1 µg/ml ESP for 1 h. Whole cell lysates were collected and analyzed by western blot using primary antibodies against phospho-Akt and total Akt. Akt phosphorylation levels were calculated as the ratio of untreated control cells after normalization to the amount of total Akt. (E) Cells were infected at moi of 15 for 23 h and then treated with either inhibitor for 1 h. Values represent the mean ± SD values of triplicates. Data are representative of three independent experiments. \* denotes *p*\<0.05 and indicates that differences were considered significant.](pone.0066306.g001){#pone-0066306-g001}

As *T. gondii* infection resulted in Akt phosphorylation in the host ARPE-19 cell, we analyzed the impact of *T. gondii* infection or ESP treatment on an upstream component of Akt signaling. Wortmannin and LY294002 are well-known inhibitors for PI3K, which is the upstream activator of Akt. We examined whether blocking host cell PI3K activation results in inhibition of *T. gondii*-induced Akt phosphorylation. ARPE-19 cells were infected with *T. gondii* for 24 h and treated with LY294002 during the final 1 h. Indeed, sequential increases in LY294002 concentration led to inhibition of the *T. gondii* infection-induced Akt phosphorylation ([Fig. 1C](#pone-0066306-g001){ref-type="fig"}). In a similar manner, pretreatment with wortmannin blocked Akt phosphorylation induced by *T. gondii* ESP treatment ([Fig. 1D](#pone-0066306-g001){ref-type="fig"}). Although wortmannin and LY294002 are well-known inhibitor for PI3K, it is also known that they are not specific to PI3K and can inhibit mTOR pathway. In order to confirm that PI3K/Akt pathway is indeed involved in *T. gondii* induced events, GDC-0941 and ZSTK474 were tested for their effect on *T. gondii* induced host cell response, GDC-0941 and ZSTK474 successfully inhibited Akt phosphorylation by *T. gondii* in a dose-dependent manner ([Fig. S3](#pone.0066306.s003){ref-type="supplementary-material"}) but S6 phosphorylation which is under control of mTOR was not affected ([Fig. 1E](#pone-0066306-g001){ref-type="fig"}). These results suggest that *T. gondii* and ESP activate host Akt in a PI3K-dependent manner.

Roles of Akt/PKB Signaling in Intracellular *T. gondii* Proliferation in the Host {#s3b}
---------------------------------------------------------------------------------

Several independent lines of evidence indicate that *T. gondii* infection renders cells resistant to proapoptotic stimuli [@pone.0066306-Kim2]. This effect is presumed to be beneficiary to *T. gondii* survival and proliferation in the host cell. Following phosphorylation by activating kinases, Akt affects multiple cellular targets that increase metabolism, growth, and synthetic processes and suppress apoptosis [@pone.0066306-Ehrhardt2]. *T. gondii*, as an intracellular parasite, relies on the growth environment provided by the host. As a result, we initially investigated the effect of PI3K inhibitors on *T. gondii* proliferation in ARPE-19 cells. Statistically significant inhibition of *T. gondii* growth and proliferation by LY294002 and wortmannin was detected ([Fig. 2](#pone-0066306-g002){ref-type="fig"}). The numbers of tachyzoites in ARPE-19 cells, which had been pre-incubated with PI3K inhibitors for 1 h, washed, and then infected with *T. gondii* at an moi of 5, were counted 24 h post-infection. Without inhibitor pretreatment, most tachyzoites divided two times to generate four parasites per PV. PI3K-specific inhibitors, GDC-0941 and ZSTK474, also showed similar effect as LY294002 and wortmannin on *T. gondii* proliferation that inhibition of the PI3K/Akt pathway reduced the rate of *T. gondii* division, and most PVs only contained one or two *T. gondii*. Proliferation rate observation at different time point (12 h) also showed that PI3K inhibitors delay the proliferation of *T. gondii* compared to untreated ([Fig. S2B](#pone.0066306.s002){ref-type="supplementary-material"}). These results suggest that *T. gondii*-induced PI3K/Akt signaling is important for *T. gondii* proliferation in the host cell.

![PI3K inhibitors inhibited *T. gondii* proliferation in ARPE-19 cells.\
The proliferation of tachyzoites in ARPE-19 cells was examined by fluorescence microscopy. Cells were pre-incubated with PI3K inhibitors, either 10 µM LY294002, 200 nM wortmannin (A), or 250 nM GDC-0941, 10 nM ZSTK474 (B) for 1 h. After washing, the cells were then infected with *T. gondii* at moi of 5 for 24 h. Cells were fixed and stained with Texas Red®-X phalloidin for labeling F-actin (red), and nuclei were stained with DAPI (blue). The number of parasites per vacuole were counted and converted to percentage. Data are representative of three independent experiments. Scale bar = 100 µM.](pone.0066306.g002){#pone-0066306-g002}

Finally, given that the presence of mycoplasma and endotoxin could affect PI3K signaling and response to ROS, we quantified the levels of mycoplasma and endotoxin in the culture medium, cell, parasite and ESP. The results were shown in [Figure S1](#pone.0066306.s001){ref-type="supplementary-material"} that no contamination detected in our experimental systems.

T. gondii-induced Activation of Host PI3K/Akt Signaling Pathway Reduced Intracellular ROS Levels of ARPE-19 Cells Under Oxidative Stress {#s3c}
----------------------------------------------------------------------------------------------------------------------------------------

The host cell generates various threats to attack parasite infection, and production of ROS is one very effective way to kill the infiltrators [@pone.0066306-Aline1]. Since the PI3K/Akt pathway is involved in cell survival signaling and is important for *T. gondii* proliferation, we studied the effect of host PI3K/Akt signaling induced by *T. gondii* against H~2~O~2~ oxidative stress in ARPE-19 cells. ARPE-19 cells were stimulated with 100 µM H~2~O~2~ and then labeled with the cell-permeable fluorescent dye DHE as a cytosolic superoxide indicator. Intracellular levels of ROS were analyzed by fluorescent microscopy. The positive control, which received only H~2~O~2~ treatment, exhibited high DHE fluorescent signal. However, *T. gondii* infection or ESP treatment markedly reduced the host cytosolic ROS even in the presence of H~2~O~2~ treatment ([Fig. 3A, B](#pone-0066306-g003){ref-type="fig"}). Intriguingly, additional treatment with the PI3K inhibitors wortmannin, LY294002, GDC-0941 or ZSTK474 blocked the reduced ROS level induced by *T. gondii* infection or ESP treatment ([Fig. 3A, B](#pone-0066306-g003){ref-type="fig"}).

![*T. gondii* and ESP inhibited H~2~O~2~-induced ROS generation via activation of PI3K/Akt signaling.\
Fluorescence microscopy images of cells stained with 10 µM DHE and treated with different conditions. ARPE-19 cells were infected with GFP-RH for 23 h (A, B), or ARPE-19 cells were stimulated with ESP for 1 h (C, D). These cell were exposed to 100 µM H~2~O~2~ with or without inhibitor for 1 h. The ROS level change by ESP and PI3K inhibitors under oxidative stress (H~2~O~2~) were quantitatively analyzed by flow cytometry (E). Results are representative of three independent experiments. \* denotes *p*\<0.05, and these differences were considered significant. Scale bar = 100 µM.](pone.0066306.g003){#pone-0066306-g003}

Additionally, the flow cytometry were performed to quantitatively analyze the effect of ESP and PI3K inhibitors on host intracellular ROS level after H~2~O~2~ treatment ([Fig. 3C](#pone-0066306-g003){ref-type="fig"}). Flow cytometrical analysis with *T. gondii* infected cell was excluded because it is found that *T. gondii* itself can be strongly labeled by DHE ([Fig. 3](#pone-0066306-g003){ref-type="fig"} and [Fig. S4](#pone.0066306.s004){ref-type="supplementary-material"}), and it interfered the reading the fluorescence intensities of DHE labeled- host cell cytoplasm by FACS. These results suggest that activation of host Akt/PKB signaling by *T. gondii* provides a protective function for infected *T. gondii* by blocking the ROS-dependent host defense system.

*T. gondii* ESP-induced Activation of Host PI3K/Akt Signaling Pathway Reduced Basal Intracellular ROS Levels of ARPE-19 Cells {#s3d}
-----------------------------------------------------------------------------------------------------------------------------

Next, we tested whether ESP can reduce the basal ROS level of host cell (H~2~O~2~ untreated) into even lower level. Because it is reported that oxidative stress in ARPE-19 cells can activates mTOR signaling pathway [@pone.0066306-Perkins1], we wanted to test the ROS-reducing ctivity of ESP under the condition which possible side effect of H~2~O~2~ is minimized. Flow cytometric analysis indicated an approximately 50% decrease in ROS levels 5 h after 1 µg/ml ESP treatment ([Fig. 4](#pone-0066306-g004){ref-type="fig"}). This result was in agreement with the fluorescent microscopy analysis, indicating that the host intracellular ROS decreased markedly after *T. gondii* infection ([Fig. 3B](#pone-0066306-g003){ref-type="fig"}).

![*T. gondii* ESP decreased endogenous ROS levels in ARPE-19 cells.\
(A) Cells were stimulated with ESP for 1 h and then incubated with PI3K inhibitors for 1 h. Intracellular superoxide was measured by DHE staining followed by flow cytometry. (B) Relative fluorescence intensity of the population of DHE-stained cells corresponding to *A*. The results are expressed as mean ± SD of three independent experiments. \* denotes *p*\<0.05, and these differences were considered significant.](pone.0066306.g004){#pone-0066306-g004}

Next, we examined whether PI3K inhibitors blocked the ROS reduction by *T. gondii* ESP treatment in ARPE-19 cells. As expected from the previous results, the decrease in ROS induced by *T. gondii* ESP 5 h after treatment was almost completely reversed by incubation with LY294002, wortmannin, GDS-0941 or ZSTK474 ([Fig. 4](#pone-0066306-g004){ref-type="fig"}). Taken together, these data indicate that infection with *T. gondii* stimulates host PI3K/Akt signaling to suppress ROS generation and that this process may play an important role in the survival and proliferation of infected *T. gondii*.

*T. gondii* Targets Nox4 to Decrease Host ROS Levels via Activation of PI3K/Akt Signaling {#s3e}
-----------------------------------------------------------------------------------------

Since *T. gondii* infection activated PI3K/Akt signaling and intracellular ROS levels were significantly reduced under both unstressed conditions and oxidative challenge, we sought to identify the ROS generator that is under control of PI3K/Akt signaling. Our experiments indicated the presence of a major oxidase to generate ROS, which may suppress *T. gondii* replication in host cells. To explore this idea, the mRNA levels of Nox/Duox family of ROS-generating NADPH oxidases were examined in ARPE-19 cells by RT-PCR. Nox4 was abundantly expressed in ARPE-19 cells, whereas the expression levels of the other Nox and Duox oxidases were undetectable ([Figure S5](#pone.0066306.s005){ref-type="supplementary-material"}). Interestingly, expression of Nox4 and its functional partner p22^phox^ were suppressed by *T. gondii* infection in a moi-dependent manner. Also, PI3K inhibitor treatment experiment revealed that Nox4 gene expression was regulated by the PI3K/Akt signaling pathway ([Fig. 5A](#pone-0066306-g005){ref-type="fig"}). To confirm that the Nox4 protein level was decreased in agreement with the decrease in its mRNA level, immunofluorescence and immunoblot analysis were performed using anti-Nox4-specific antibody. Indeed, the Nox4 protein level was significantly reduced after *T. gondii* ESP treatment for 5 h ([Fig. 5B, C](#pone-0066306-g005){ref-type="fig"}). These findings demonstrated that *T. gondii* specifically suppresses host Nox4 gene expression via the PI3K/Akt signaling pathway in ARPE-19 cells.

![*T. gondii* and ESP suppressed host Nox4 expression via the PI3K/Akt pathway.\
(A) RT-PCR analysis of the host Nox4 and P22^phox^ mRNA levels in ARPE-19 cells. GAPDH was used as an internal control. (B) Cells were stimulated with 1 µg/ml ESP for the indicated times. Nox4 protein levels were analyzed by western blot, and β-actin was used as a loading control. (C) Immunocytochemistry of Nox4 in the ESP-stimulated cells. ARPE-19 cells were stimulated with 1 µg/ml ESP for 5 h. Cells were subsequently stained with anti-Nox4 antibody (green) and Texas Red®-X phalloidin for labeling F-actin (red). Nuclei were stained with DAPI (blue). The results are expressed as mean ± SD of three independent experiments. Scale bar = 100 µM. \* denotes *p*\<0.05, and these differences were considered significant.](pone.0066306.g005){#pone-0066306-g005}

Nox4 Expression is Important for *T. gondii* Intracellular Replication {#s3f}
----------------------------------------------------------------------

Experiments using specific siRNA duplexes to silence Nox4 expression in ARPE-19 cells were performed to determine whether Nox4-dependent production of ROS is important for intracellular replication of *T. gondii*. A series of candidate siRNA molecules was transfected into ARPE-19 cells for 48 h, and Nox4 protein levels were determined by immunoblot using a rabbit antibody raised against Nox4 ([Fig. 6A](#pone-0066306-g006){ref-type="fig"}). Both siRNA2 and siRNA3 (24 nM) consistently resulted in a 75--85% decrease in Nox4 protein expression, and thus, these siRNAs were selected for use in subsequent experiments. Intracellular ROS levels in ARPE-19 cells were significantly reduced by more than 40% following transfection with Nox4 siRNA, demonstrating that Nox4 plays a important role in the production of ROS in ARPE-19 cells ([Fig. 6B](#pone-0066306-g006){ref-type="fig"}).

![Nox4 gene knockdown promoted *T. gondii* replication.\
ARPE-19 cells were transfected with *Nox4*-specific siRNA for 48 h. (A) Nox4 knockdown efficiency was determined by western blot. (B) Intracellular ROS levels were measured by flow cytometry after DHE staining. (C) ARPE-19 cells transfected with control siRNA or specific *Nox4* siRNAs were infected with *T. gondii* for 24 h, and fluorescence micrographs of intracellular tachyzoite replication 24 h post-infection were obtained. The results are expressed as mean ± SD of three independent experiments.](pone.0066306.g006){#pone-0066306-g006}

To determine the role of Nox4 in *T. gondii* proliferation, ARPE-19 cells, which were incubated 48 h after transfection with Nox4 siRNA, were infected for another 24 h with *T. gondii*, and the proliferation of *T. gondii* was evaluated under fluorescence microscope ([Fig. 6C](#pone-0066306-g006){ref-type="fig"}). In untranfected cells and in control siRNA treated cells, the PVs with 8 tachyzoites are approximately 40% of total PV population; however, in Nox4 siRNA-transfected cells, more than 50% of PVs contained 8 tachyzoites and even PVs with 16 tachyzoites (approx 10%) were observed after 24 h infection, demonstrating accelerated replication of *T. gondii* in these cells. These results indicated that infection with *T. gondii* suppresses the gene expression of Nox4 in host cells to reduce ROS generation and to generate a favorable intracellular environment for *T. gondii* growth and proliferation.

Discussion {#s4}
==========

It is common to find cysts and tachyzoites in the retina of *T. gondii* infected patients. Necrotic lesions are often observed which come with degeneration of the neuronal retina and choroids structure (retinochordoiditis) [@pone.0066306-Vallochi1]. Mouse model studies have reported that retinal lesions are the results of inflammation reaction caused by mononuclear cells at the site of infection. Although, *T. gondii* favorably infiltrate and reside in the eye structures, for example, retinal pigment epithelium (RPE) to show dramatic symptoms, it is known that eye is an immune privileged organ which is protected from immune mediated inflammation and damage by various mechanisms [@pone.0066306-Streilein1]. The cells of the retinal pigment epithelium play important role in the physiology of the retina by recycling light-induced all-*trans*-retina from photoreceptor cells into 11-*cis*-retina and providing functional photopigments back to photoreceptors, and by eliminates oxidatively damaged materials from photoreceptors [@pone.0066306-Kang1]. This means that RPE cells are basically prone to oxidative stress and capable to produce reactive oxygen species under certain condition [@pone.0066306-Miceli1]. For example, exposure to bright light may generate free radical and increase ROS production, which further induces oxidative stress in RPE cells [@pone.0066306-Faqhiri1]. Based on these facts, we tried to reveal how *T. gondii*'s survived and proliferate in such harsh condition.

*T. gondii*, like many other pathogens, forms a membranous vacuole to reside in when it infiltrates into host cell in order to avoid lysosomal attack from the host cell. The parasitophorous vacuolar membrane (PVM) itself works as physical barrier but also in order to increase their survivability, various signal related events occurs around the PVM. It has been reported that ADP-ribosylation factor-6 (ARF6) activate PI3K and recruit PIP(2) and PIP(3) to parasitophorous vacuole of invading parasites [@pone.0066306-Lee1]. Other studies also showed that upon infection with *T. gondii*, host PI3K/Akt pathway was activated, and this activation was required for host cell resistance to apoptosis [@pone.0066306-Kim2], and Akt activation was also required for *T. gondii* to coordinate control of host centrosome position, organelle distribution, and migratory response [@pone.0066306-daSilva1]. These reports suggest that host PI3k/Akt pathway is one major target for *T. gondii* to modify and utilize for its own beneficial events.

Our new finding is that PI3K/Akt signaling pathway activation is essential for intracellular *T. gondii* proliferation. In order to examine the intracellular tachyzoite replication rate, the replication number of GFP-labeled-*T. gondii* in each PV was monitored by fluorescent microscopy. This method was also useful to exclude the multi-infected *T. gondii* and count exact number of each *T. gondii* in each PV (More useful than FACS which just measuring the intensity of GFP to evaluate the number of *T. gondii*).

Most of intracellular tachyzoites divides twice to generate four individuals 24 h after infection. Inhibition of PI3K/Akt pathway by pre-treatment of LY294002 and wortmannin significantly reduced its dividing rate that *T. gondii* replication occurred only once after 24 h infection to generate two parasites in one PV compare to untreated control groups. These data suggest that PI3K/Akt signaling pathway activation by *T. gondii* is important for its proliferation against host innate immune defense system.

GDC-0941 inhibits all class 1 PI3K isoforms but does not significantly suppress the activity of any other lipid or protein kinase tested including mTOR [@pone.0066306-Folkes1]. ZSTK474 is known as an ATP-competing inhibitor of PI3K, and the inhibitory activity of ZSTK474 is even isoform-specific [@pone.0066306-Kong1]. To the contrary, it is reported that even at a concentration of 100 µM, ZSTK474 inhibited mTOR activity rather weekly. The unique properties of GDC-0941 and ZSTK474, specific inhibition on PI3K activity but non-inhibitory effect on mTOR, were also confirmed by ourselves ([Fig. 1E](#pone-0066306-g001){ref-type="fig"}) and the experiments with these PI3K- specific inhibitors provided us more confidence on our hypothesis that PI3K/Akt pathway rather than mTOR pathway is important in regulation of host ROS and later Nox4 expression by *T. gondii*.

For the next step, we focused on unknown, underlying host mechanism which might hinder the infected *T. gondii* from its growth. It has long been known that ROS plays essential role in innate immune responses against pathogens, such as bacteria or intracellular parasites, through the production of superoxide by reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. Because of that, in the view of intracellular parasites, reducing, removal or intoxicating the intracellular ROS is the urgent requirement for their survival and proliferation [@pone.0066306-Gritz1]. It has been reported that proliferation of *T. gondii* can diminish oxygen radical production in the macrophage cell *in vivo*, but the most of the mechanisms and pathways related to the event is not fully understood yet [@pone.0066306-Wang2].

Our data clearly showed that not just *T. gondii* only, but ESP also can reduce the host ROS level in the presence or absence of oxidative stress stimuli condition. Surprisingly, treatment of PI3K inhibitors significantly suppressed the *T. gondii* or ESP activity to reduce host ROS level. By combining these two results, we were able to deduce a hypothesis that for the *T. gondii* proliferation in RPE, ROS level reduction in host cell is important and this environmental regulation is achieved by activating host PI3K/Akt signaling pathway.

When we started the *T. gondii*-involved host ROS regulation study, it was our plan to combine data from immunocytochemistry and FACS analysis was used in order to cross-check the results from each experiments, respectively. Though, *T. gondii* itself contains large amount of ROS inside and *T. gondii* infected cell was therefore, not suitable for FACS analysis. In order to detour the problem, treatment of ESP to ARPE cell, instead of infecting live *T. gondii*, was established as a very useful model system to study the action of parasite infection on host ROS level modulation.

Next, all these data strongly suggests that *T. gondii* induced signal activation has specific target to reduce the generation of ROS in host ARPE19 cell. As described in introduction, mammalian cells have developed many ROS generating enzymes during the evolution process and NADPH oxidases have been known as one of the major player for ROS production in RPE and other mammalian cells. The family of NADPH oxidases (Nox/Duox) consists of Nox1-5, as well as the Duox1 and Duox2 [@pone.0066306-Ehrhardt2]. Among these candidates, in order to identify a NADPH oxidase which is regulated by PI3k/AKT signaling pathway, first, we checked the mRNA expression level of each enzymes in ARPE19 cells. Surprisingly, Nox4 turned out to be the only NADPH oxidase which has significant amount of mRNA transcript in ARPE19 cell ([Fig. S5](#pone.0066306.s005){ref-type="supplementary-material"}). Other NADPH oxidases, including the Nox2, a well-known inducible NADPH oxidase in macrophage, did not show any change in its level even after *T. gondii* infection. Instead, *T. gondii* infection caused significant reduction of Nox4 mRNA and protein level, and intracellular ROS level of the host. These results suggest that Nox4 is the main target for *T. gondii* in reducing host intracellular ROS level, and PI3K/Akt signaling pathway is responsible for the suppression of Nox4 expression. Another interesting finding is that P22*^Phox^* transcription was suppressed by *T. gondii* infection. P22*^Phox^* is a required component for NADPH oxidases to express full enzymatic activity and stabilization of the enzyme complex. For example, in phagocytes, a well-characterized mulitcomponent enzyme, in which the catalytic subunit gp61/Nox2 and P22*^Phox^* form an integral complex called flavocytochrome b558 [@pone.0066306-Bedard1]. Not surprisingly, some pathogens have developed strategies to counter the Nox2 response by either inhibiting Nox2 assembly on the phagosome, as in the case for Salmonella typhimurium [@pone.0066306-Shrestha1] and Helicobacter pylori [@pone.0066306-Fang1], or reducing steady-state level of Nox2 components as illustrated by Anaplasma phagocytophilia [@pone.0066306-Allen1] or Ehrlichia caffeensis [@pone.0066306-GarciaGarcia1].

However, there is a report that forms of P22*^Phox^* mutated in the proline-rich region inhibited ROS production for Nox1, Nox2, and Nox3, but not for Nox4 [@pone.0066306-Bedard1]. There are other reports that Nox4 does not require other components, such as P40*^Phox^*, P47*^Phox^*, P67*^Phox^*, or Rac, for its activation [@pone.0066306-Lin1]. Given the fact that Nox4 generates substantial amounts of ROS without a need for cell stimulation and cofactors, it implies that *T. gondii* has developed a unique mechanism to suppress the ROS generation by elimination of constantly active Nox4 at the transcription level rather than by regulating its activity in RPE. Down-regulation of P22*^Phox^* transcription level by *T. gondii* would be a sub-system for tissues with traceable amount or inducible Nox enzyme(s) inside. This question would need further study. Silencing Nox4 expression with Nox4 siRNA demonstrated that down-regulation of Nox4 transcription is sufficient enough to reduce the intracellular ROS level and as a consequence, it was observed that in Nox4 siRNA treated host cell, *T. gondii* proliferated more rapidly, compare to *T. gondii* in untreated cell or in control siRNA treated cells.

Previous studies have suggested that multiple transcription factors, such as NF-κB, GATA, AP-1, Ets1, C/EBP, and STAT1/3 are coordinately involved in the regulation of Nox expression and function [@pone.0066306-Lambeth2]. These data indicate that cooperation among multiple transcription factors, co-activators, and co-repressors is essential for precise control of Nox transcription and function. Nevertheless, the precise mechanisms of Nox regulation are not entirely defined. Our data demonstrating the involvement of PI3K/Akt pathway in Nox4 transcription imply the possibility that Forkhead Box O (FoxO) transcription factors are need to be added on the list of components which regulate Nox4 transcription. FoxO transcription factors have been associated with redox signaling and regulation of proliferation and apoptosis. These transcription factors share the ability to be inhibited and translocated out of the nucleus on phosphorylation by Akt/PKB in the PI3K signaling pathway. According to our preliminary data, *T. gondii* infection, indeed, induced the phosphorylation of FoxO and relocation of FoxO out of nucleus to cytosol (data not shown) in correlation with intracellular ROS level.

In conclusion, our findings demonstrate that *T. gondii* can manipulate host PI3K/Akt signaling pathway to reduce intracellular ROS level and to generate beneficial microenvironment for their proliferation. According to Nox4 siRNA experiments, it is also indicated that Nox4 is the important component for innate immune defense mechanism of host cell against parasite infection and it is the major target for *T. gondii* to suppress hostile intracellular ROS level. Down-regulation of Nox4 in *T. gondii* infected human RPE cell may represent a novel mechanism of blood-retinal barrier breakdown and pathological retinal in ocular toxoplasmosis.
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###### 

**Examination of Mycoplasma and Endotoxin.** (A) PCR analysis of *ARPE-19 cell and parasite* for detecting the presence of *Mycoplasma* DNA. The size of the PCR product obtained using the positive template with primer pairs is 270 bp. *(B)* Endotoxin levels of *ARPE-19 cell and parasite* detected with the LAL assay.

(TIF)

###### 

Click here for additional data file.

###### 

**Confirmation of host viability after infection of** ***T. gondii*** **and effects of PI3K inhibitors on** ***T. gondii*** **replication ratio in 12 h.** (A) ARPE-19 cells were infected with *T. gondii* at various moi for 24 h, and cell viability was assessed by MTT assay. (B) Cells were pre-incubated with PI3K inhibitors, either 10 µM LY294002, 200 nM wortmannin, or 250 nM GDC-0941, 10 nM ZSTK474 for 1 h. After washing, the cells were then infected with *T. gondii* at moi of 5 for 12 h. The number of parasites per vacuole was counted and converted in to percentage (doubling time of around 10 ∼12 h).

(TIF)

###### 

Click here for additional data file.

###### 

**Effects of PI3K-specific inhibitors on** ***Toxoplasma*** **-induced PI3K/Akt activation.** ARPE-19 cells were infected with *T. gondii* (moi 15) for 24 h and treated with increasing concentrations of GDC-0941 or ZSTK474 for the final 1 h.

(TIF)

###### 

Click here for additional data file.

###### 

**Presence of high ROS in** ***T. gondii.*** *Toxoplasma*-induced ROS synthesis inhibition is suppressed by treatment of PI3K inhibitor. The arrows show that the *T. gondii* can be highly labeled by dihydroethidium (DHE).

(TIF)

###### 

Click here for additional data file.

###### 

**Messenger RNA expression pattern of NADPH oxidases in** ***T. gondii*** **infected ARPE-19 cell.** Reverse transcription-PCR on whole RNA extracted from host cell with primer selected for seven catalytic subunits of NADPH oxidase isoforms (Nox1∼5, Duox1/Duox2).

(TIF)

###### 

Click here for additional data file.
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